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OFCs have drawn attention due to many benefits such as fuel flexibility, tolerance to impurities in fuels, high efficiency, and ability to use heat for cogeneration [1] - [3] . However, slow response time leading to deficient loadfollowing capability is an obstacle that has restricted extensive application of SOFCs [4] . The issue is manifested as a susceptibility of SOFCs to hydrogen starvation when subjected to transient and fluctuating power demands (see details in [5] and the references therein).
In SOFCs, hydrogen starvation is mainly caused by the lags introduced by the fuel supply system (FSS) and the reformer [6] . To prevent this issue, [6] develops various reference governors using a model predictive approach. Mueller et al. [7] address this issue using a linear compensator to modify the target fuel flow. While both methods reduce the susceptibility to fuel starvation, they are both model dependent. Furthermore, both methods have an adverse effect on the load-following capability of the SOFC. To improve load following, Mueller et al. [8] develop a control method based on constant utilization operation and a control structure to keep the combustor temperature within acceptable range. Hydrogen starvation in SOFCs can be prevented by limiting the fluctuations in fuel utilization from a set-point value under transient power demands. The target fuel utilization is typically chosen between 80% and 90% for high efficiency [9] - [11] . Prior work by one of the authors proposes a current regulation (CR) method to attenuate the aforementioned fluctuations in utilization. More details of this method and discussions on the importance of fuel utilization in SOFC systems can be found in [5] , [12] , [13] , and the references therein. While works on transient control in SOFCs are limited in the literature, considerable research is reported for polymer electrolyte membrane (PEM) FCs under transient conditions, where oxygen starvation is a relevant problem [14] - [18] .
Simultaneously preventing hydrogen starvation and improving load following can be achieved by hybridizing the SOFC with an energy storage device such as battery or capacitor [4] , [5] , [11] , [13] , [19] . For PEM FCs, related work in the area of hybridization has been addressed by Vahidi et al. [18] and Thounthong et al. [20] . In loadfollowing mode, the storage acts as a buffer that supplies or absorbs energy during transients as the FC follows the changing load demand. Operating the FC in load-following mode rather than in base-load operation is advantageous since it reduces the required storage capacity. However, hybridization mandates the existence of a robust power management algorithm that ensures that the storage device is neither progressively depleted nor overcharged. Robust SOC preserving control strategies for SOFC ultracapacitor hybrids were proposed in [5] and [13] . These works demonstrate power management in the hybrid system via application of nonlinear and H ∞ robust control. A similar problem was identified in [11] , where a control strategy that guarantees FC health and maintains system voltages around a nominal value was developed. A supervisory controller for a SOFC ultracapacitor hybrid, based on fuzzy logic, was designed in [21] .
The works mentioned above can be categorized as centralized power management schemes where sensed information is directed toward a central processor that commands all components of the system. While centralized control is easier to develop, practical issues can arise in scaling up to bigger networks. When posed as an optimization problem, high dimensions is an issue for current microcontrollers as the number of energy resources in the network increases [22] . In addition, in case the central controller encounters any malfunction, the entire network is influenced. Furthermore, if the network topology is subject to change, a central controller may need to be reprogrammed. Hence, the idea of decentralized power management is worth exploring, where information processing takes place in component-level controllers that have little or no communication between each other, and a certain level of fault tolerance is built in. While the idea of decentralized control of SOFC appears in [23] , it interprets decoupled proportional-integral-differential loops within the SOFC controller as decentralized control. In contrast, this paper considers decentralization in the context of power management in a network consisting of the SOFC and an ultracapacitor.
In recent years, there has been growing interest in distributed control in the context of large-scale networked systems. The size and the complexity of such systems necessitate decentralized control [24] - [26] . Decentralized control of power grids specifically appears in [27] - [31] . The SOFC is also deemed a fitting candidate for distributed generation in grids due to its many advantages [19] , [32] - [34] . While addressing decentralized control in power networks is our ultimate goal, this paper formulates a simpler problem as a first step. We design decentralized control for a hybrid SOFC ultracapacitor system. Two separate controllers are proposed, one for the SOFC and the other for the ultracapacitor, which have no communication between each other. The former operates the FC in load-following mode, while attenuating transient fluctuations in the fuel utilization. The latter allows the ultracapacitor to be used as an energy buffer. The novelty of this paper lies in the energy-conservationbased mechanism that is incorporated in the SOFC controller. It anticipates the deficit or excess energy of the capacitor based on the SOFC's transient response history, without communicating with the ultracapacitor. The capacitor control, in turn, imparts robustness to the performance of the decentralized system by either dissipating excess energy or regulating the load voltage. Together, synergistic power management is realized.
In this paper, a description of the SOFC and a description of the hybrid system and a statement of the control objectives are given in Section II. The main principle of the proposed decentralized control is presented in Section III, along with practical designs of the two controllers that rely on controlled energy dissipation and provide robust performance. The work reported in this paper was verified using an experimental setup that was built by the authors. The setup is explained in Section IV. An alternate approach to incorporate robustness, based on load voltage modulation, is presented along with simulation and experimental data in Section V. A discussion on the energy loss trends of the two approaches and an advantage of decentralized over centralized control is presented in Section VI. Finally, the concluding remarks are stated and acknowledgments are made.
II. BACKGROUND A. SOFC System Description
The specific system considered in this paper is a steamreformer-based SOFC system with methane as fuel, which is shown schematically in Fig. 1 . The reformer produces a hydrogen-rich gas, which is supplied to the anode of the FC. Electrochemical reactions occurring at the anode due to current draw results in a steam-rich gas mixture at its exit. A known fraction k of the anode exhaust is recirculated through the reformer into a mixing chamber where fuelṄ f is added. Fuel is supplied by the FSS. The FSS consists of a fuel pump and/or valves and a fuel flow controller. The heat required for sustaining the endothermic steam reforming process occurring in the reformer catalyst bed is supplied from two sources, namely, the combustor exhaust that is passed through the reformer and the aforementioned recirculated anode flow. The combustor also serves to preheat the cathode airṄ air . The tubular construction of each cell causes the air to first enter the cell through the air supply tube and then reverse its direction to enter the cathode chamber. We use a control-oriented mathematical model of a tubular SOFC system developed and presented in [12] for control validation. The model captures the thermodynamics, chemical kinetics, heat transfer, and pressure dynamics phenomena and has been validated against the results in [35] and [36] .
B. Current Regulation
A strategy for attenuating transient fluctuations in fuel utilization developed in [13] and [37] will be outlined in this section. For an SOFC system such as in Fig. 1 with methane as fuel, the fuel utilization U is mathematically defined as [9] , [10] , [35] 
where X CH 4 ,a , X CO,a , and X H 2 ,a and X CH 4 ,r , X CO,r , and X H 2 ,r are the molar concentrations of CH 4 , CO, and H 2 in the anode and the reformer, respectively, andṄ o andṄ in are shown in Fig. 1 . Based on the molar balance equations and the rate of electrochemical reaction, a steady-state relationship of U can be obtained as in (2), where all the variables and parameters are defined in the Nomenclature section. The derivation is shown in [12] and [37] 
For a desired steady-state utilization U ss and a given demanded FC current i fc,d , a fuel flow demandṄ f,d can be calculated from (2), given bẏ
Note that as shown in Fig. 1 , the FSS provides fuel floẇ N f in response to the demandṄ f,d , and (3) ensures that at steady state, U = U ss . However, during transience, due to . This is illustrated through the simulation results shown in Fig. 3(a1) -(d1). It is mainly attributed to a delay D1 (see Fig. 2 and the explanation below) introduced by the FSS between the demanded and actual fuel flows,Ṅ f,d andṄ f , respectively. This delay can be of the order of a few or several seconds. To address this issue, we propose the CR method by reversing (3) to calculate the regulated current based on the actual fuel flowṄ f given by
This CR approach as well as lags associated with fuel flow are shown in Fig. 2 with the switch position labeled CR.
In comparison, the open-loop (OL) (i.e., unregulated current) approach corresponds to the switch position OL. The proposed CR method has similarities with existing modelbased approaches for Polymer Electrolyte Membrane Fuel Cell and SOFC systems using a current filter or a load governor [14] , [16] , [38] . However, an advantage of CR is that it assumes no knowledge of the dynamic characteristics of the FSS. Improvement in transient response of U in CR over OL is shown in Fig. 3 . Details of the simulations and the model can be found in [12] and [13] . As shown, CR allows significantly greater fluctuations in load compared with OL [ Fig . This implies that while CR protects the FC from fuel starvation due to power fluctuations, it results in a disparity between the demanded and delivered power during transients. This disparity amounts to deficient load following that is addressed by hybridizing the FC with an ultracapacitor. The hybrid system is described next.
C. Hybrid System and Control Objectives
A schematic showing the hybrid FC and the control interface is shown in Fig. 4 . Similar as well as alternate methods of interfacing FCs and battery/ultracapacitors can be found in [13] , [18] , and [39] - [42] . In this configuration, the FC and ultracapacitor are connected in parallel. The FC supplies power to the load through a unidirectional dc/dc converter C 1 . The ultracapacitor is connected to the load through a bidirectional dc/dc converter C 2 allowing charge and discharge. Some salient features of the hybrid system are as follows.
1) Due to their fast responses, C 1 and C 2 are assumed to be static energy conversion devices, with C 1 having an efficiency of η 1 and C 2 having discharge and charge efficiencies of η 2 andη 2 , respectively [5] . These efficiencies are bounded, but unknown and time varying. We also assume that η 2,min ≤ η 2 ,η 2 ≤ (1/η 2,min ), and η 2,min is known. Furthermore, we consider C 1 function in current control mode, while C 2 maintains voltage V L in a voltage control mode. 2) Based on the schematic in Fig. 4 , since the FC and the ultracapacitor are connected in parallel, the following is true at any instant:
where i uc > 0 and i uc < 0 imply discharge and charge currents, respectively, of the capacitor. The above equation implies that the net power demand V L i L is supplied at every instant. It is also important to note that due to a reversal in the direction of power flow between charge and discharge, for discharge η 2 satisfies 0 < η 2 < 1, while for chargeη 2 satisfiesη 2 > 1. 3) To realize a decentralized control, we impose the following restrictions on K 1 and 1) The target fuel utilization at steady state will be U ss = 0.8, and the deviations from U ss during transients should be minimized [12] , [13] .
2) The SOC of the ultracapacitor will be maintained at a target value of S t = 0.8. 3) The load voltage V L around a nominal value will be controlled.
III. DECENTRALIZED POWER MANAGEMENT USING CONSERVATION OF ENERGY

A. Approach
This work applies conservation of energy to develop decentralized control of the hybrid system in Fig. 4 . Conceptually, the approach is shown in Fig. 5 . Fig. 5 shows a step change in power demand V L i L and the corresponding load-following response of the source (FC, η 1 V fc i fc ). In load-following mode, the SOFC's delivered power η 1 V fc i fc will track the load demand V L i L , meeting the demand exactly at steady state. Equation (5) is satisfied at all times. In addition, at steady state, the load
In Fig. 5 , the intervals t < t 0 and t > t f represent the steadystate conditions. Next, we discuss the transient region of the plot, namely, the interval t 0 ≤ t ≤ t f . This region captures how the SOFC responds to the load change. The response shown in Fig. 5 is a sample to show the energy-conservation-based approach. Consider an arbitrary instant t s as shown. We define P to be the instantaneous difference between the load and delivered power. Hence, P as shown in Fig. 5 is
We will use this definition to formulate the energyconservation-based decentralized control. Also note that the shaded area A 1,1 represents the total deficit between the demand and energy supplied by the SOFC over the interval t 1 . The area thus represents energy removed from the ultracapacitor (discharged). Similarly, the shaded area A 2,1 represents an excess energy supplied by the SOFC during the interval t 2 . Area A 2,1 thus represents energy returned to the ultracapacitor (charged). From Fig. 5 and (5), we can conclude that
In the transient response of the SOFC, we denote A 1, j , j = 1, 2, . . . , by the areas where the ultracapacitor is discharged and A 2,q , q = 1, 2, . . . , by the areas where the ultracapacitor is charged. Then under ideal charge/discharge, i.e., η 2 =η 2 = 1, the condition
will ensure that at steady state t > t f , the energy of the ultracapacitor, i.e., its SOC, will be preserved at the same value as in the previous steady state t < t 0 . Equation (8) can be generalized to the following integral condition:
Essentially, controller K 1 that controls the delivered FC power can satisfy this integral condition by simply modulating the cell-side power, with no information about the ultracapacitor's SOC. This is because P is only a function of V fc , i fc , and η 1 that are all local information and V L and i L that are commonly available. However, (9) is an ideal scenario where there are no losses in the charge/discharge processes.
In the presence of charge/discharge losses in C 2 , with discharge and charge efficiencies η 2 andη 2 , respectively, (8) must be modified to
The above equation is obtained from (5) and (8), and is obvious if we remove the assumption η 2 =η 2 = 1 from (7). If we assume η 2 andη 2 to be nonunity but known, (10) can be generalized to the following integral condition that can be satisfied by controller K 1 :
Here sgn(.) represents the signum function. However, η 2 andη 2 will be unknown to K 1 . Therefore, we need to build a robust control around this principle to handle the uncertainty in a decentralized manner. The next section will demonstrate the validity of the main principle outlined in this section.
B. Simulations
To demonstrate that energy conservation can be used to design decentralized control, we consider a simplified scenario. We assume that in addition to the local information mentioned in Section II-C, controller K 1 has knowledge of η 2 andη 2 . This assumption will be removed in latter sections. Next, we note from Fig. 4 that controller K 1 generates two control inputs, i fc andṄ f,d . The inputs, generated using (3) and (4), implement CR for transient control of U (see Fig. 2 ). The design of i fc,d is based on the following observation: in load-following mode, the SOFC's delivered power η 1 V fc i fc tracks the load demand V L i L , meeting the demand exactly at steady state. Additional perturbations in η 1 V fc i fc will be introduced to achieve (11) . With this goal and incorporating the approach outlined in Section III-A, we formulate i fc,d as
where g i is an integral gain, and E A is defined in (11) and can be calculated by K 1 using local information only. Controller K 2 simply maintains constant voltage V L (in this case, 24 V) across the load. The design is implemented and simulation results are summarized in Fig. 6 . The parameter values chosen are
The power demand V L i L is subjected to step changes, as shown in Fig. 6(b) . Fig. 6 (a) confirms the control of SOC and Fig. 6 (1/η 2,min ) . Accordingly, i fc,d in (12) must be formulated with E A as shown in the following instead of (11):
Note that (14) uses conservative estimates of the magnitudes of discharge and charge. Specifically, it estimates higher discharge and lower amount of charge. The expected result is that by ensuring lim t →∞ E A = 0, it is guaranteed that the ultracapacitor will be overcharged for every step change in V L i L . Next, we observe that (3), (4), (12) , and (14) generate a feedback loop. Our objective is to investigate the stability of the equilibrium P = 0 of this closed-loop system and show that indeed at steady state E A = 0. We next state the following assumption about the FSS. Defining the error between the actual and demanded fuel flow rates as
, we assume that E fl (t) satisfies a general exponential decay condition given by
where γ , ζ, r 0 > 0 are constants. This is valid because the FSS causesṄ f to trackṄ f,d . Then it can be shown that the error variable
where
The proof of this result is simple and details can be found in [13] . We note here that the FSS behavior of (15) is not restrictive and common responses such as first-order or ramped behavior can be bounded by exponential decay. Next, we state and prove the following theorem. Theorem 1: If the FSS satisfies the generalized behavior of (15), then for step changes in i L , the design of controller K 1 consisting of (3), (4), (12) , and (14) renders the equilibrium P = 0 asymptotically stable and ensures lim t →∞ E A = 0. Proof: Equation (12) can be rearranged to
Taking the derivative of (17) and from (14), we get
Also note from (6), (17), and (18) that
Further, we observe from (16) and converse Lyapunov theorems [43] that there exists a positive definite functionV fc and the constants α 1 , α 2 , and α 3 such that
+ λV fc , λ > 0 being a constant, and differentiating V with respect to time produceṡ
Note that Q is symmetric and, in addition, λ can be chosen to ensure that Q is positive definite. Thus,V will be negative definite and the equilibrium E = [0] is asymptotically stable (in fact, exponentially stable since Q is positive definite and symmetric [44] ). From (17) and (19), we then conclude that at equilibrium (steady state)
This completes the proof. Simulation results with E A calculated using (14) are shown in Fig. 7 . The parameter values chosen were the same as those in (13) . In addition, η 2,min = 0.7 was chosen. The formulation of E A according to (14) is conservative, as mentioned earlier in this section. The conservative nature of this approach is evident in Fig. 7(a) where the SOC increases with power fluctuations. The power demand V L i L and SOFC's supplied power η 1 V fc i fc are plotted together in Fig. 7(b) . Since we consider a energy storage device of finite capacity, its SOC must be regulated. To address this regulation in a decentralized manner, we incorporate dissipation in controller K 2 , as discussed in Section III-C2.
We end this section by noting that the performance of K 1 can also be viewed from a classical controls perspective, under certain simplifications. In (16), if we assume equality instead of the inequality, then we can writeĖ fc,d = −ζ E fc,d . In addition, in (18), if we assume small changes in V fc , then the overall closed-loop dynamics can be expressed as
From this linear dynamical equation, we can estimate the bandwidth of the closed-loop system to be ω bw ≈ (g i αζ ) 1/2 . Since α can switch between η −1 2,min and η 2,min , a conservative estimate would be ω bw ≈ (g i η 2,min ζ ) 1/2 . Furthermore, the term (g i α + ζ ) provides an approximate damping of the closed-loop system. However, it must be recognized that the original dynamics is nonlinear, and hence, these predictions can be substantially off.
2) Dissipation-Based Design of K 2 : In this approach, the ultracapacitor's SOC is regulated via dissipation through a variable resistance. We add a resistance in parallel with a capacitor, which is shown in Fig. 8 . Energy dissipation is controlled by K 2 by actuating a pulsewidth-modulated switch S 1 , shown in Fig. 8 . Since SOC is a local information for K 2 , 
where σ R is the effective conductance that can be varied by changing the duty cycle of S 1 . We treat σ R as a control input and use the following control law to stabilize the equilibrium V uc = V uc,d :
where g p,uc and g i,uc are proportional and integral gains, respectively, and V uc,d /V uc,max = S t , the target SOC. V uc,max is the known ultracapacitor voltage at which its SOC is 100%. The efficacy of this controller is shown through simulation results in Fig. 9 . The manner in which the resistance R is used in the proportional-integral (PI) control is evident from Fig. 9(b) . For this simulation, S t = 0.8 and V uc,max ≈ 16 V, and hence, V uc,d = 13 V. In addition, g p,uc = 0.08 and g i,uc = 0.0016. We assume R = 25 and that σ R linearly varies with duty cycle = 0 ⇒ σ R = 0, to duty cycle = 1 ⇒ σ R = 0.04. In contrast to Fig. 7(a) where the SOC control was not implemented in K 2 , the SOC converges to S t = 0.8 with the control law of (22) .
The performance of the SOC controller can be studied in frequency domain (transfer functions) since both the ultracapacitor and the PI controller in (21) and (22) are linear systems [45] . Defining the error E uc = V uc − V uc,d and taking Laplace transforms under zero initial conditions, we get the following closed-loop equation: [45] . Note that the controller does not attempt to cancel i uc through feedback, but instead treats it as a disturbance signal. This is because in load-following mode and at steady state, V L i L = η 1 V fc i fc and hence i uc = 0. Hence, the noise-to-signal ratio in measured i uc is expected to be high, and sensor-based cancellation of i uc will introduce extra noise in the feedback loop. We end this section with the following observation. Remark 1: Controllers K 1 and K 2 , discussed in Sections III-C1 and III-C2, perform independently of each other. The stability characteristics of either closed-loop system do not affect those of the other.
IV. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Setup
The theoretical framework developed for decentralized control is validated using experimental setup. The experimental hardware-in-the-loop setup consists of the emulated FC along with an ultra capacitor, an electronic load, and two dc-dc converters. The setup is shown in Fig. 10 . The technical specification of each equipment is given in Table I . More details of the setup can be found in [13] . The FC system that is employed is a real-time emulation of a mathematical model of the SOFC developed in [12] . Before discussing results, we summarize some aspects of practical implementation that posed challenges.
B. Details of Practical Implementation 1) Control of Unidirectional Converter C 1 :
As mentioned in Section II and also evident from the development in Sections III and III-C1, the dc/dc converter C 1 (see Fig. 4 ) is controlled in current control mode. To apply our theory directly, K 1 must command C 1 to deliver i fc . However, referring to Fig. 4 , the converter C 1 in our setup allows us only to command i o directly and not i fc . Hence, in Fig. 4 and Section II-C, we indicate i o to be the input to C 1 in the hardware. The dc/dc converter has an in-built controller that takes a sensed feedback of i o flowing through a Hall-effect sensor inside the converter and, using a PI controller, precisely tracks the reference value set by the user at the control terminal. To circumvent this hardware limitation, we propose the following feedforward and feedback combination:
Here, we treat (4) to provide a calculated current i fc,cal , i.e., i fc,cal = 4n
, while i fc is the measured current. The objective of (23) is then to ensure lim t →∞ E fc,cal = 0. In (23), g p,o and g i,o are the positive proportional and integral gains. The internal controller in C 1 generates fast response, on the order of microseconds. Hence, it is reasonable to assume that i o generated by (23) is instantaneously achieved at the output of C 1 . The feed- (23) comes from the power balance at the input and output terminals of the converter C 1 . The sequence of signal flow is explained through the schematic in Fig. 11 . We next state and prove the following theorem. 
Theorem 2:
The control law given in (23) leads to exponential convergence of E fc,cal → 0 for g p,o > 0 and g i,o > 0.
Proof: To prove this, we assume that the change in the feedforward term (η 1 (23) is small during the correction interval, which is reasonable if g p,1 and g i,1 are assigned relatively high values. Referring to Fig. 11 , we then have
Using a Lyapunov function V = E 2 fc,cal and (24), it is easy to verify that E fc,cal converges to zero exponentially, provided that g p,o > 0 and g i,o > 0 [43] .
2) η 1 Measurement: It has been assumed throughout this paper that the measurement of η 1 is available to K 1 , since it is a local variable. In our experimental setup, it is measured by implementing the power balance equation for C 1 , which is V L i o = η 1 V fc i fc . Since V fc , i fc , and V L are measured and i o is a command, a coarse measurement of η 1 , namely, η 1,m = V L i o /V fc i fc , is first obtained. The measured value is then filtered to obtain η 1 . This approach gave satisfactory control validation results.
3) PWM Switching Circuit: Referring to Fig. 8 , controller K 2 manipulates the duty ratio μ to change the dissipation rate as follows:
The average voltage appearing across the dissipating resistor effectively determines i R . The relation between the duty ratio μ(t) and i R can be formulated as
where 1/T is the switching frequency of the PWM. The PWM circuit is switched OFF as soon as the equilibrium V uc = V uc,d is established. The hardware consists of a simple solid-state switch that drives the gate of a power MOSFET of appropriate rating whenever the ultracapacitor voltage surpasses a certain threshold voltage. The voltage reference is set to V uc,d = 12.2 V above which the PWM circuit activates. Moreover, the rate of discharge is controlled by the pulsewidth of the PWM signal that is realized by driving the gate of the MOSFET. The gate driver circuit consists of UCC27322 gate driver IC that can produce a 9-A peak current at the Miller Plateau region of the MOSFET [46] . The schematics and hardware of the PWM circuit are shown in Fig. 12 .
4) Bidirectional Converter Control:
The bidirectional converter C 2 is operated in voltage control mode. The primary purpose of this converter is to maintain a constant voltage across the load at all times. The converter has been set to maintain V L = 23 V across the load for the dissipation-based method. The choice of this value for V L is driven by the limiting output voltage of C 2 , which is 23.3 V.
C. Experimental Results
The decentralized approach with dissipation-based SOC control, discussed in Sections III and III-C, is tested on the experimental setup and the results are shown in Fig. 13 . As shown in Fig. 13(a) , a repetitive step load change from 10-A level to 20-A level is implemented. Fig. 13(d) confirms transient fuel utilization control with only an ≈±2% deviation about the target U ss = 80%. Fig. 13 (b) and (e) is self-explanatory, representing FC current and voltages. Fig. 13 (f) compares V uc with (blue) and without (red) dissipation. For the test, we set S t = 0.75, which corresponds to V uc,d ≈ 12.2 V. The conservative nature of K 1 is clear, since it gradually overcharges the capacitor in the absence of dissipation (in K 2 ). With controlled dissipation, the issue is addressed.
In the experiment, the controller parameters are chosen as follows: for K 1 , g i = 0.01 in (12) and g p,o = g i,o = 0.01 in (23) , and for K 2 , g p,uc = 0 and g i,uc = 20 in (25). In Fig. 13(c) , i uc is plotted. As expected, i uc goes to zero at steady state, indicating that, indeed, the FC supplies the entire power demand at steady state. The slow response of the FC to the load changes along with the capacitor's contribution to make up for FC's deficiency during load transients is visible in Fig. 13(g) . In Fig. 13(g) , also observe that A 1,1 < A 2,1 . This is due to losses in C 2 that translates to (10) for conserving the capacitor's energy.
V. ROBUSTNESS THROUGH VOLTAGE MODULATION
A. Approach and Simulation Results
Using dissipation for controlling the SOC is a conservative approach that relies on dissipating the excess energy going to the storage element. The idea in the voltage regulation method is to minimize this loss. Note that energy loss would be prevented if the FC controller K 1 has accurate knowledge of η 2 andη 2 . Hence, the objective of this design is to develop a mechanism by which K 1 can learn the aforementioned efficiencies without direct sensing or communicating with K 2 . As mentioned in Section II-C, K 2 can manipulate V L . In the proposed voltage modulation approach, K 2 changes V L as the SOC deviates from S t . Specifically, V L is increased from a nominal value of V L ,nom , as the capacitor gets gradually overcharged. Since V L is a global variable, K 1 simultaneously uses changes in V L to improve its estimates of η 2 andη 2 . The process, when designed properly, causes the estimates to eventually settle close to the actual values of η 2 andη 2 . This diminishes overcharging of the ultracapacitor with progress of time. It is emphasized that this paper simply presents the voltage modulation approach as a viable alternate to dissipation. Theoretical analysis of the approach is an area of future research.
Voltage fluctuation is undesirable in power networks. Therefore, the aforementioned modulation method, even though is capable of inducing K 1 to improve its efficiency estimates, must be designed in a way such that voltage fluctuations are low and they diminish over time. We propose V L to be modulated by K 2 using an integral action
where V L ,nom is the nominal load voltage and g i,v2 is the integral gain. When V uc is sufficiently close to V uc,d , the integrator resets V L to V L ,nom . In parallel, an integral action is used in K 1 to utilize the voltage deviations from V L ,nom for efficiency estimation
Simulation results are shown in Fig. 14 . In the simulation, pulsed changes in power demand were applied every 200 s. Parameter values were g i,v1 = 0.0005, g i,v2 = 0.005, η 2 =η 2 = 0.8, and V L ,nom = 24 V. From Fig. 14(a) , it is clear that K 2 is able to maintain the SOC through voltage modulation. Further, Fig. 14(b) shows that voltage fluctuations reduce over time. This is primarily due to better estimation of η 2,min by K 1 over time. The estimation is shown in Fig. 14(c) . The saw-tooth type of response, as shown in Fig. 14(b) , is due to integrator resets. Another observation is that during higher SOC/voltage fluctuations toward the beginning, efficiency adaptation was faster and it decreased with time. The estimation process therefore requires not only the voltage modulation but also persistent perturbations in the power demand.
B. Implementation and Experimental Results
Voltage modulation capability was facilitated in the converter C 2 with minor changes to its internal circuitry. Hardware limitations of C 2 limit the maximum V L ,nom to ≈23.3 V. Hence, to allow voltage modulation V L ,nom = 22 V is chosen in (26) . The modifications to C 2 to implement voltage modulation are shown in Fig. 15 . Two integrators were used at the SOFC side (i.e., K 1 ) to utilize the load deviations from 22 V for efficiency estimation, to account for the different discharging and charging efficiencies, namely, η 2 andη 2 , respectivelŷ
In the experiment, the following parameter values were chosen, g i,v2 = 0.1, g i,v11 = 0.001, g i,v12 = 0.002, and η 2 (t 0 ) =η 2 (t 0 ) = 0.7. The experimental results are shown in Fig. 16 .
The power draw was pulsed at regular interval, as shown in Fig. 16(a) . Fig. 16(b) shows the main result of the experiment, indicating that load voltage fluctuations imposed by K 2 diminished over time starting from ∼0.5 to < 0.05 V. This is because with progressive improvement of the efficiency estimates, the net capacitor overcharge over individual power pulses reduce. The corresponding variations in V uc , i uc , and i fc are shown in Fig. 16(c) -(e), respectively. The load power and FC delivered power are plotted in Fig. 16(f) . Fig. 16 (f) shows how K 1 modulates the FC power to attain energy conservation in the ultracapacitor. The estimateŝ η 2 andη 2 are shown in Fig. 16(g) . The estimates of discharge and charge efficiencies approachη 2 ≈ 0.85 andη 2 ≈ 1.05, respectively. Both efficiency estimates are expected. As mentioned in Section II-C, the charge efficiencyη 2 is expected to be greater than 1 since the energy supplied for charging the ultracapacitor will be higher than the change in the stored energy due to losses. It is noted that the learning rate ofη 2 andη 2 
VI. OBSERVATIONS
A. Overall System Loss Trends
While both approaches described above perform satisfactorily in terms of meeting the control objectives, they have certain advantages and disadvantages that make each approach appealing from different perspectives. The voltage-regulationbased approach progressively reduces energy losses; yet it relies on persistent excitation of the load to improve its efficiency estimates. On the other hand, the dissipation-based approach results in uniform energy loss, but it does not require perturbations on the network. The energy losses with each approach were compared and plotted in Fig. 17 . Each data point represents an average power loss over an interval, calculated as for both approaches. In (26), t i = t i − t i,0 represents the i th interval ending at t i and starting at t i,0 . Each interval is roughly the same, around 100 s, consisting of one step up and one step down in i L . The final instants t i were not all equispaced in time. For example, (t 5 − t 4 ) and (t 7 − t 6 ) are longer than the others. It can be observed from the plot that with voltage regulation, the losses decay over time, whereas it is uniform for the dissipation-based approach. The overall magnitudes are not considerably different. This is because the changes in capacitor voltage due to overcharging (and hence the required dissipation) were low in our experiments, owing to a high capacity of 250 F and comparatively lower power levels [see Fig. 13(f) ]. It is expected that with lower capacity storage, the advantages of voltage regulation will be more prominent.
B. Fault Tolerance in Decentralized Strategy
As discussed in the Introduction, one advantage of the decentralized approach is fault tolerance. This is illustrated here for the hybrid SOFC system through a simple observation. Referring to prior centralized control in [13] , the SOFC current demand i fc,d was designed as
where E s = S − S t and S is the SOC of the ultracapacitor. The function g and the switching parameter δ 1 are both dependent on E s . However, in the decentralized approach proposed in this paper, i fc,d is designed as given in (12) , where the integral E A is defined in (14) . It is clear from (12) and (27) that in the centralized case, the control input i fc,d depends on the SOC, whereas in the latter, the control input is independent of the SOC. Therefore, even under steady conditions (constant i L and S = S t ), a fault in the ultracapacitor or a fault in sensing the SOC will deviate the SOFC's delivered power from the steady demanded value of V L i L . This is because an incorrect value of E s will result in an incorrect i fc,d in the centralized case, as is clear from (27) . This in turn will affect the SOFC's fuel flow rate and cause potential depletion or overcharge and eventual damage of the ultracapacitor. In contrast, in the decentralized controller, the invariance of i fc,d to SOC will ensure P = V L i L − η 1 V fc i fc = 0 even under such a fault. This is implied from the result of Theorem 1. The effectiveness of decentralized over centralized control is also dependent on the nature of faults. For certain faults, such as the one mentioned here, the advantage may be clear, but for others, secondary protection logic may be necessary for both approaches.
VII. CONCLUSION
Distributed control for power management in a hybrid FC ultracapacitor system is demonstrated through simulations and experiments. In the proposed decentralized framework, individual controllers for the FC and the ultracapacitors use local information only. The system as a whole guarantees load-following in the presence of rapidly fluctuating power demands without jeopardizing any component. It is shown that simple decentralized controllers can be built by locally applying conservation of energy. Moreover, robust performance can be achieved through controlled dissipation of excess energy or by voltage modulation. The latter effectively amounts to establishing implicit communication between the controllers using the power line itself. Stability analysis is carried to ascertain the efficacy of the individual controllers. Elements of fault tolerance are shown to be inherent in the decentralized approach. Extending this approach to broader networks with many power sources and storage elements is an area of ongoing and future research. Here, the challenges expected are in autotuning of steady-state power among distributed resources, while maintaining stability. Another question of importance will be the management of multiple energy storage elements. Overall, an integration of feedback control and optimization problems will evidently be required.
